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a  b  s  t  r  a  c  t

Ecosystems  dominated  by big  sagebrush,  Artemisia  tridentata  Nuttall  (Asteraceae),  which  are the most
widespread  ecosystems  in semiarid  western  North  America,  have  been  affected  by land  use  practices  and
invasive species.  Loss  of big  sagebrush  and the  decline  of associated  species,  such  as  greater  sage-grouse,
are  a concern  to land  managers  and  conservationists.  However,  big  sagebrush  regeneration  remains  dif-
ficult to  achieve  by  restoration  and  reclamation  efforts  and  there  is  no  regeneration  simulation  model
available.  We  present  here  the first  process-based,  daily  time-step,  simulation  model  to predict  yearly
big  sagebrush  regeneration  including  relevant  germination  and  seedling  responses  to  abiotic  factors.  We
estimated  values,  uncertainty,  and  importance  of  27 model  parameters  using  a total  of 1435  site-years
of  observation.  Our  model  explained  74%  of variability  of  number  of years  with  successful  regenera-
tion  at 46  sites.  It  also  achieved  60%  overall  accuracy  predicting  yearly  regeneration  success/failure.  Our
results  identify  specific  future  research  needed  to improve  our  understanding  of big  sagebrush  regenera-
tion, including  data  at the  subspecies  level  and  improved  parameter  estimates  for  start  of seed  dispersal,
modified  wet  thermal-time  model  of  germination,  and  soil  water  potential  influences.  We  found  that  rela-
tionships between  big  sagebrush  regeneration  and  climate  conditions  were  site  specific,  varying  across
the  distribution  of  big  sagebrush.  This  indicates  that statistical  models  based  on  climate  are  unsuitable  for
understanding  range-wide  regeneration  patterns  or  for  assessing  the  potential  consequences  of  changing
climate  on  sagebrush  regeneration  and underscores  the  value  of  this  process-based  model.  We  used  our
model  to predict  potential  regeneration  across  the  range  of  sagebrush  ecosystems  in the  western  United

States,  which  confirmed  that  seedling  survival  is  a limiting  factor,  whereas  germination  is  not.  Our  results
also suggested  that  modeled  regeneration  suitability  is necessary  but  not  sufficient  to  explain  sagebrush
presence.  We  conclude  that future  assessment  of big  sagebrush  responses  to  climate  change  will need  to
account  for responses  of  regenerative  stages  using  a process-based  understanding,  such as  provided  by
our model.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Major human land use practices affect ecosystems dominated
y big sagebrush (Artemisia tridentata Nuttall (Asteraceae)), which
re the most widespread ecosystem type in semiarid western North

Abbreviations: DE, differential evolution; GISSM, Germination and Individual
eedling Survival Model; MAP, mean annual precipitation; MAT, mean annual tem-
erature; mJSAT, mean January air temperature; RMSE, root mean square error; VIF,
ariance inflation factor.
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America (McArthur and Plummer, 1978; West, 1983). Agriculture,
livestock grazing (Alley, 1956; Davies et al., 2012; Sturges, 1993),
renewable and non-renewable energy extraction (Walston et al.,
2009), recreation, and urban development have removed or altered
much of big sagebrush vegetation (Manier et al., 2013; Connelly
et al., 2004; Welch, 2005). Invasive plants, particularly Bromus
tectorum, and climate change are altering vegetation, hydrologi-
cal conditions and wildfire regimes of these ecosystems (Bradley,
2010; Hanser et al., 2011). An important ecological consequence

of these changes is that many sagebrush-obligate and sagebrush-
associated species, such as the greater sage-grouse (Centrocerus
urophasianus), have experienced large population declines over
the last half century (Manier et al., 2013; Rowland et al., 2006).
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onsequently, land managers and conservationists in the western
nited States are concerned about loss of big sagebrush and the
ecline of associated species (Manier et al., 2013; Schuman et al.,
005).

Big sagebrush is a long-lived shrub which does not re-sprout
r regenerate vegetatively (Shultz, 2006). In most years, big sage-
rush produces a large seed crop, which is dependent on plant
tatus, site quality (Beetle, 1960; Goodwin, 1956; Young et al.,
989), grazing pressure (Wagstaff and Welch, 1991), insect her-
ivory (Takahashi and Huntly, 2010), and pathogen levels (Welch
nd Nelson, 1995), and weather conditions. However, success-
ul recruitment occurs infrequently (Maier et al., 2001; Perryman
t al., 2001) and achieving big sagebrush densities that satisfy
egal restoration and reclamation requirements remains difficult
Schuman et al., 2005; Steward, 2006; Williams et al., 2002).
he population dynamic of big sagebrush follows a Type III sur-
ivorship curve with greatest mortality early in life either at the
eed or seedling stage (reviewed by Schlaepfer et al., 2014) as
s also common for several grass species in sagebrush steppe
cosystems (Boyd and Lemos, 2013; James et al., 2012). There-
ore, understanding controls of big sagebrush regeneration is
rucial for predicting big sagebrush responses to environmen-
al changes and economic activities and for identifying land

anagement and restoration strategies that promote sagebrush
ersistence.

Regeneration processes including germination and seedling sur-
ival are fundamental to our understanding of population dynamics
Fenner, 2002; Harper, 1977) and responses to global change
Jackson et al., 2009), particularly since environmental factors typi-
ally exert stronger regulation during regeneration than adulthood
Grubb, 1977). Due to the importance of understanding regen-
ration processes, a diversity of models have been developed.
owever, building process-based models that predict germination
nd seedling recruitment under field conditions remains difficult
ue to incomplete physiological knowledge of species, complex-

ty of biological processes, and multiple spatial and temporal
cales involved (Forcella et al., 2000; Mok  et al., 2012). Success-
ul thermal-time and wet-thermal-time models of germination for
pecies in semiarid ecosystems have been developed, but cover
nly a small portion of regeneration processes (Rawlins et al.,
012a,b; Roundy et al., 2007). Process-based models have been
eveloped for crops and annual weedy plants (Forcella et al.,
000; Vleeshouwers and Kropff, 2000). Recently, a process-based
ermination and establishment submodel for species distribu-
ion models was presented for southeastern Australia, based on
hill and heat accumulation, frost and a moisture index (Mok
t al., 2012); however, this model is unsuitable for big sage-
rush due to the lack of representations of snow cover and soil
ater distribution throughout the soil profile—factors which are
ecessary to understand big sagebrush regeneration (Schlaepfer
t al., 2012a,b). Our literature synthesis of big sagebrush regen-
ration highlighted the lack of a comprehensive suitable model,
hich is required to better understand consequences of current
anagement practices, global change, and economic activities

n ecosystems dominated by big sagebrush (Schlaepfer et al.,
014).

Our overall objective is to understand the abiotic controls
ver big sagebrush regeneration and quantify how they influence
egeneration potential across the distribution of this wide-ranging
pecies. This objective required that we: (i) formulate a process-
ased simulation model of responses to abiotic conditions of
early big sagebrush germination and first-year seedling sur-

ival potential, (ii) estimate uncertainty in and importance of
odel parameters, (iii) test whether statistical models explain

elationships between climatic conditions and regeneration in big
agebrush better than our process-based model, and (iv) predict
odelling 286 (2014) 66–77 67

patterns of germination and seedling survival of big sagebrush
across the western United States.

2. Materials and methods

2.1. Development of a process-based germination and individual
seedling survival model (GISSM) for big sagebrush

We constructed GISSM around ecological processes that con-
tribute to yearly germination success and first-season seedling
survival potential of big sagebrush. We  identified relevant pro-
cesses based on a literature synthesis of the ecology of germination
and seedling establishment of big sagebrush (Schlaepfer et al.,
2014) and focused on processes that involve abiotic factors. Our
analyses cover three of the four subspecies of big sagebrush rec-
ognized by Flora of North America: tridentata (Great Basin big
sagebrush), vaseyana (Rydberg) Beetle (Mountain big sagebrush),
and wyomingensis Beetle & A.M. Young (Wyoming big sagebrush,
Shultz, 2006). The fourth subspecies, parishii (A. Gray) H.M. Hall &
Clements (Mojave big sagebrush), is restricted to the southwest-
ern part of the range and very limited specific data are available.
Our implementation of GISSM is written in R version 2.15.0 (code
available in Appendix B.1, R Development Core Team, 2012) and all
subsequent analyses were carried out in R.

2.1.1. Overview of the GISSM algorithm and assumptions
GISSM is forced by daily values of top soil temperature, soil

water potential for rooted layers, snow cover, and mean January air
temperature experienced by the mother plant (mJSAT; here, at the
location of simulation because most seeds are dispersed locally).

First, GISSM calculates the day of the year when seed dispersal
starts. For each day, GISSM determines germination success based
on time required to germinate, favorable and unfavorable condi-
tions, and on how seed behave upon quiescence (Fig. 1). Then, for
each day with successful emergence, a seedling (representing the
cohort of all potential seedlings that emerged on the same day)
is simulated and GISSM determines if it grows, ceases growing, or
dies, for every day of the remainder of the current growing season
(Fig. 1). GISSM results summarize days and years with potential
germination success and first-season seedling survival as well as
simulated causes of mortality (e.g., sample data and output, Appen-
dices B.2 and B.3).

GISSM output represents potential (and not realized) yearly ger-
mination and seedling success and does not predict abundance.
GISSM focuses on abiotic factors and thus ignores all biotic factors
(e.g. competition, herbivory, pathogens), which have been reported
to decrease chances of seed and seedling survival (DiCristina et al.,
2006; Jones, 1991; Owens and Norton, 1989; Reichenberger and
Pyke, 1990; Schuman et al., 1998) at least after the first year
(Owens and Norton, 1989). Similarly, GISSM assumes that there
are enough possibilities for mycorrhization, which are reported to
allow seedling to withstand drier soils than without mycorrhiza-
tion (Stahl et al., 1998). Furthermore, GISSM assumes that enough
seeds are available on every day after start of seed dispersal for a
given year, i.e., seed production, distance of seed dispersal, seed-
bank dynamics, and safe sites (reviewed in Schlaepfer et al., 2014)
were not limiting for our simulation purposes. GISSM assumes
also that light is not a factor determining favorable germination
conditions because of the assumption of sufficient viable seeds
in safe microsites. Similarly, GISSM also assumes that for any
given day with germination success, there is emergence success.

For seedlings, GISSM does not incorporate interactions between
factors affecting growth of seedlings such as the one observed
between low soil moisture and freezing conditions (Lambrecht
et al., 2007). GISSM assumes that above-ground biomass growth
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Fig. 1. Conceptual diagram of the Germination and Individual Seedling Survival Model (GISSM) for big sagebrush. Germination conditions were evaluation for every day of
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he  simulation period; survival, growth, and mortality were simulated for each eme

ate is not limiting and affecting survival rates per se. Finally,
ISSM assumes that seedlings have access to sufficient nutrients
nd that seedlings do not response to fertilization including ele-
ated CO2-concentrations. The consequence of these assumptions
s that GISSM estimates potential, but not realized, germination
nd seedling survival. For instance, a location without reproduc-
ive big sagebrush in vicinity may  still have positive potential for
egeneration success, but no realized regeneration due to absence
f seeds.

.1.2. Modeling big sagebrush germination
GISSM incorporates four processes relevant to big sagebrush

ermination (Schlaepfer et al., 2014): start of seed dispersal,
eriods of favorable/unfavorable conditions, germination rate
which implicitly includes dormancy and stratification), and seed
uiescence under unfavorable conditions.

Start of seed dispersal is influenced by the maternal environ-
ent, which is summarized by mJSAT (Meyer and Monsen, 1991,

992; Meyer et al., 1990). A linear model estimates start of seed dis-
ersal with the intercept parameter (k1, Table 1) describing start of
eed dispersal for a site with 0◦C mJSAT and with the slope param-
ter (k2) correcting for a relationship with mJSAT:

ay of seed dispersal start (day of year) = k1 + k2 ∗ mJSAT (1)

GISSM estimates germination percentage for each day j with
 rectangular function of 100% within and 0% germination outside
avorable conditions (Eq. (3)); it does not differentiate intermediate

evels because it assumes sufficient viable seeds. Favorable condi-
ions include, as considered by GISSM, daily topsoil temperatures
Eq. (2)) above minimal (k11) and below maximal soil temperature
k12), adjusted for temperatures experienced underneath snow
seedling until the end of the first season (i.e., year of emergence).

cover (k13), and daily soil moisture levels above minimal soil water
potential (k14) for the top 3 cm of soils (k15).

Adjusted top soil temperature Tj,adj on day j (C)

= Tj,soil at k15, if snow coverj = 0

= k13, if snow coverj > 0 (2)

Germination percentage GPj on day j (%)

= 0, if Tj,adj < k11 | Tj,adj > k12 | SWPj,(at k15) < k14

= 100, if Tj,adj ≥ k11 & Tj,adj ≤ k12 & SWPj,(at k15) ≥ k14 (3)

The calculation of time to germinate (i.e., the inverse of germi-
nation rate) by GISSM accounts for seedbed conditions underneath
snow cover, thereby, GISSM implicitly incorporates dormancy and
stratification during the cold season (Fig. A.2, Meyer and Monsen,
1991). We  included four parameters (k3–k6, Table 1) to describe
a thermal-time model (Eq. (4a) here, Eq. (5) in Hardegree, 2006).
Such models were developed for conditions of constant temper-
ature, which do not occur under field conditions; instead, GISSM
uses the means Tk,adj and SWPk,(at k15) during the estimated period
(k) of germination as estimation of incubation temperature (Tj,inc)
and incubation soil water potential (SWPj,inc). Thermal-time mod-
els were successfully applied to several grass species of sagebrush
steppe under field conditions (Rawlins et al., 2012b). To better

simulate field conditions other than temperature, we added lin-
ear dependencies to the basic thermal-time model with mJSAT
(k7), with an interaction term between Tinc and mJSAT (k8 is
representing maternal effects, Meyer and Monsen, 1991, 1992;
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Table 1
Parameter definition and parameter bounds and estimates for the Germination and Individual Seedling Survival Model (GISSM) of big sagebrush. Parameters k1–k15 concern the germination submodel, k16–k30 apply to the
seedling  submodel. Parameters k15, k17, and k24 were not optimized. Estimation of lower and upper bounds for optimization were based on a literature review (Schlaepfer et al., in review). Sets of optimized GISSM parameter
values  are the overall best repeat (best performance during testing), median, and mean values across the 9 out 12 optimization repeats, which tested better than chance (values for each of the 12 repeats are listed in Table A.2).
Parameters were also estimated directly from observations reported in the literature (Schlaepfer et al., 2014), independent from those used for optimization. NA indicates values not available.

Parameter Unit and
constraints

DE  optimization:
parameter bounds

DE optimization:
parameter value sets

Independent: parameter
estimation

Low Up Best repeat Mediana Mean Value SE Number of
observations

Mode of estimation

k1 ‘Start of seed dispersal’ at mean January site air
temperatures (mJSAT) of 0◦C

[Day of year
(DOY)]

244 335 325 315 310 289 NA 5 Qualitative data

k2  Dependency of ‘start of seed dispersal’ on mJSAT [DOY ◦C−1] 0 5 2.04 0.89 1.02 2 NA 5 Qualitative data
k3  Coefficient a in Eq. (5) of Hardegree (2006)b [day−1], >0 0 1 0.65 0.32 0.41 0.24 0.20 284 DE optimization of RMSE

with  Jackknife
k4  Coefficient b in Eq. (5) of Hardegree (2006)b [◦C] 1 38 13.7 9.6 14 13.3 1.3 284 DE optimization of RMSE

with  Jackknife
k5  Coefficient c in Eq. (5) of Hardegree (2006)b [◦C−1]c −200 200 −116 −115 −47 29 2.4 284 DE optimization of RMSE

with  Jackknife
k6  Coefficient d in Eq. (5) of Hardegree (2006)b [–], /= 1 and >0 0 10 0.37 2.31 3.73 2.2 1.1 284 DE optimization of RMSE

with  Jackknife
k7  Dependency of ‘time to germinate’ on mJSAT [day ◦C−1] −20 0 −0.4 −2.55 −2.49 −7.53 0.382 209 Linear regression
k8  Dependency of ‘time to germinate’ on

mJSAT × incubation temperature
[day ◦C−2] −1 1 0.27 0.67 0.7 0.47 0.033 209 Linear regression

k9  Dependency of ‘time to germinate’ on incubation
soil  water potential

[day MPa−1] −10 0 −3.54 −4.87 −4.02 −6.51 0.868 18 Linear regression

k10  Germination resumption/mortality after
quiescence

[–], ∈ {0, 1} 0 1 1 1 0.67 NA NA

k11  Minimal germination temperature [◦C] −5 5 3.6 −0.4 −0.1 1 NA 374 Data bounds
k12  Maximal germination temperature [◦C] 30 50 43.8 36.9 38.4 38 NA 374 Data bounds
k13  Temperature underneath snow cover [◦C] −5 5 3.4 0.7 1 NA NA
k14  Minimal soil water potential allowing germination [MPa] −5 −0.0333 −0.4 −1.8 −2.1 −1.5 NA 26 Data bounds
k15  Depth of top soil determining germination

conditions
[m] 0.03 0.03 NA NA NA NA NA

k16  Growth resumption/cessation after favorable
condition resume

[–], ∈ {0, 1} 0 1 1 1 0.78 NA NA

k17  Maximal snow water equivalents allowing growth [m] 0 0 NA NA NA NA NA
k18  Minimal growth temperature [◦C] −30 0 −3 −8 −8 −5 NA 1 Data
k19  Maximal growth temperature [◦C] 30 50 34 34 37 NA NA
k20  Duration of snow cover allowing survival [day] 1 60 31 23 27 NA NA
k21  Minimal survival temperature [◦C] −30 0 −9 −15 −12 −15.2 NA 6 Data bounds
k22  Maximal survival temperature [◦C] 30 50 34 37 40 NA NA
k23  Duration of chronic wet soils [day] 1 365 56 113 161 21 NA 1 Data
k24  Maximal chronic soil water potential allowing

survival
[MPa] −0.0333 −0.0333 NA NA NA NA NA

k25  Duration of chronic dry soils [day] 1 365 49 167 178 4 NA 1 Data
k26  Minimal chronic soil water potential allowing

survival
[MPa] −5 −0.0333 −2.3 −2.3 −1.6 −1.5 NA 1 Data

k27  Minimal acute soil water potential allowing
survival

[MPa] −5 −0.0333 −3.3 −2.9 −2.7 −3.88 NA 45 Data bounds

k28  Initial rooting depth [mm] 1 100 74 36 52 36 13 18 Logistic regression
k29  Maximal rooting depth [mm] 36 2000 1765 1298 1251 828 33 18 Logistic regression
k30  Rate of root growth [day−1] 0 0.2 0.189 0.105 0.122 0.090 0.013 18 Logistic regression

a 50th quantile type 3, i.e., nearest even order statistics (Hyndman and Fan, 1996), estimates which value of the 12 repeats is closest to the middle
b See Eq. (2a,b).
c Constraints for k5 for k5 > 0, then k5 ∈ ] − (T − k4) ∗ (k62 − 1)/k6, ∞[

for  k5 = 0, then k5 = 0
for k5 < 0, then k5 ∈ ] − ∞,  −(T − k4) ∗ (k62 − 1)/k6[, with T = incubation temperature

.
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eyer et al., 1990), and with SWPinc (k9, Eq. (4b)):

Germination rate Rj on day j (day−1)

= k3 ∗ exp[−ln(2)/(ln(k6))2

∗ (ln(1 + (Tj,inc − k4) ∗ (k62 − 1)/(k5 ∗ k6)))2] (4a)

Time to germinate TGj on day j (day)

= Rj
−1 + k7 ∗ mJSAT + k8 ∗ mJSAT ∗ Tj,inc + k9  ∗ SWPj,inc (4b)

Seeds in GISSM become quiescent upon conditions becoming
nfavorable. Once conditions resume to be favorable, seeds may
how one of three possible behaviors (Eq. (5), k10 parameter,
able 1): resumption of germination (continuation of the accumu-
ation of thermal-time), permanent cessation (here, equivalent to

ortality of the embryo), or restart of germination requirements
here, equivalent to moving to a seed-cohort of a different day, and
hus not explicitly simulated).

uration of favorable conditions Fj on day

j  (day) = first run-length (Tk,adj ≥ k11 & Tk,adj ≤ k12 & SWPk,(at k15)

≥ k14) for k = j. . .365,  if k10 = 0 (permanent cessation)

= sum of(Tk,adj ≥ k11 & Tk,adj ≤ k12 & SWPk,(at k15) ≥ k14) for

k  = j. . .365, if k10 = 1 (resumption of germination) (5)

Finally, GISSM determines germination success for each day (Eq.
6)).

ermination success for day j (logical) = (GPj > 0% & Fj ≥ TGj)

(6)

.1.3. Modeling big sagebrush seedlings
GISSM includes three processes relevant to big sagebrush

eedling growth and survival during the first season, i.e., year of
mergence, (reviewed in Schlaepfer et al., 2014): availability of
onditions suitable for growth, absence of conditions leading to
ortality, and above- and belowground growth rates.
Seedlings as simulated by GISSM grow during favorable condi-

ions (Eq. (7), Fig. 1). Upon conditions becoming unfavorable, the
eedlings cease growing. Once conditions resume to be favorable,
ISSM can either simulate growth resumption or permanent cessa-

ion (Eq. (7), k16 parameter, Table 1). Favorable growth conditions
re defined by the amount of snowpack (k17) and by minimum
k18) and maximum air temperatures (k19).

Seedling growth SGj on day j (logical)

= FALSE,  if (snow coverj ≥ k17 | Tj,air ≤ k18 | Tj,air ≥ k19) |
(k16 = 0 (permanent cessation) & any(snow coverk ≥ k17

| Tk,air ≤ k18 | Tk,air ≥ k19) for k = 1. . .(j  − 1))

= TRUE, if ((snow coverj < k17 & Tj,air > k18 & Tj,air

< k19) & k16 = 1 (growth resumption)) | ((snow coverj

< k17 & Tj,air > k18 & Tj,air < k19) & k16 = 0 & all(snow coverk

< k17 & Tk,air > k18 & Tk,air < k19) for k = 1. . .(j  − 1)) (7)
GISSM reflects that elongation rates of the primary root
seedlings tend to have a primary root with few, small lateral roots,

ijayratne, 2011) is critical to survival as longer roots allow access
o water stored in deep soil layers during dry summer periods
odelling 286 (2014) 66–77

(Schlaepfer et al., 2012b). GISSM determines seedling growth and
survival for each day starting on the day of emergence (DoE) based
on the soil layer with the highest soil water potential, among those
accessed by the elongating roots. The rooting depth is estimated
for a given day (Eq. (8)), with favorable growing conditions, by the
logistic growth function (Verhulst, 1838) with three parameters,
initial rooting depth (k28), maximal rooting depth at the end of the
first season (k29), and rate of root growth (k30), as:

Rooting depth RDj on day j  (mm)  = k28 ∗ k29 ∗ exp(k30 ∗ k)/(k29 +
k28 ∗ (exp(k30 ∗ k) − 1)), with k  = sum of(SGl) for l = DoE. . .j

(8)

Finally, simulated seedlings die when conditions become more
extreme than survival thresholds (Eq. (9)), which are described by
duration of continuous snow cover (k20), by minimum (k21) and
maximum topsoil temperatures (k22), by duration (k23) of chronic
high water conditions (k24), by duration (k25) of chronic dry soils
(k26) and by acutely dry soils (k27).

Seedling death SDj on day j (logical)

= FALSE,  if (length of (continuous snow coverDoE...j > 0) <

k21 & Tj,topsoil < k22 & length of (SWPDoE...j ≥ k24) <

k23 & length of (SWPDoE...j ≤ k26) < k25 & SWPj >

k27 = TRUE, if (length of (continuous snow coverDoE...j > 0) ≥
k21 | Tj,topsoil ≥ k22 | length of (SWPDoE...j ≥ k24) ≥
k23 | length of (SWPDoE...j ≤ k26) ≥ k25 | SWPj ≤ k27 (9)

2.2. Forcing GISSM with daily data

As input forcing to simulate yearly success/failure at a given
site, GISSM uses daily soil water potential in pre-defined soil lay-
ers, snow cover, soil temperature, and mean air temperature in
January. We  generated these inputs with SOILWAT, a daily time
step, multiple soil layer, process-based, simulation model to pre-
dict ecosystem water balance for big sagebrush. SOILWAT was
developed and tested in the semiarid western US shortgrass steppe
(Parton, 1978; Sala et al., 1992) and has been adapted for sagebrush
ecosystems (Schlaepfer et al., 2012a,b,c). Soil temperature is cal-
culated as described in Parton (1978). As inputs for SOILWAT, we
used daily precipitation and minimum and maximum air temper-
ature from a 1/8th-degree gridded dataset for 1949–2010 (Maurer
et al., 2002), mean monthly relative humidity, wind speed and cloud
cover data (National Climatic Data Center, 2005), monthly vege-
tation (live and dead biomass, litter, and active root profile) and
site-specific properties of each soil layer defined by lower depths
limits at 5 cm,  10 cm,  20 cm,  30 cm,  40 cm,  60 cm,  80 cm,  100 cm, and
150 cm (1-km gridded STATSGO version CONUS-SOIL, Miller and
White, 1998). Simulated water flows include interception by vege-
tation and litter, evaporation of intercepted water, snow melt and
loss (sublimation and wind redistribution), infiltration into the soil
profile, percolation and hydraulic redistribution for each soil layer,
bare-soil evaporation, transpiration from each soil layer, and deep
drainage (Lauenroth and Bradford, 2006; Schlaepfer et al., 2012b).

2.3. Estimating GISSM parameters

We  estimated values for 27 of 30 GISSM parameters with global

optimization. Three parameters were not optimized because their
values were fixed by the setup of the SOILWAT simulations (k15,
k17, and k24; Table 1). We  trained the model using the differ-
ential evolution (DE) algorithm (using recommended parameter
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alues for the ‘JADE’ option, Ardia et al., 2012; Price et al., 2006)
gainst a dataset of observations of big sagebrush establishment
or given years at given sites (Table A.1). We  compiled this dataset
f sites with either known years of success or failure for first-season
eedling survival, or establishment of an individual plant in relation
o absence or presence of disturbance events such as fire, sage-
rush control, or grazing. The dataset includes 46 sites with 2164
nique site-years with no treatments (Fig. A.1) and 20 sites with 255
nique site-years with treatments. We  excluded site-years with
ither a treatment (e.g., grazing, chemical/physical big sagebrush
emoval) or without a geo-referenced location and retained those
ith no treatment for a total of 46 sites and 1435 site-years. We

epeated the optimization process 12-times with data partition-
ng whereby we used 84% of site-years for training and reserved
he remaining site-years for testing (Fielding and Bell, 1997). We
erminated an optimization run if the objective value was not
mproved for 15 iterations. We  minimized as objective value one

inus the mean of three evaluation criteria, 0.5-weighted kappa
Cohen’s kappa, Kraemer, 2006), true skill statistic (Allouche et al.,
006), and gamma  coefficient (Rousson, 2007), if overall accuracy
Franklin and Miller, 2009) was larger than expected by chance
Cohen, 1960). An objective value of 0 indicates a perfect fit; a
alue of 1 indicates chance performance. Performance criteria were
ased on the confusion matrix between observed and predicted
ears with or without first-season seedling survival for each site.
e  applied a continuity correction, i.e., addition of the square-root

f machine epsilon (here
√

2−52 for 64-bit double), if a denominator
as zero. Overall performance was calculated as the mean across

ites weighted by number of the observation years per site. We
hose to use the mean over three evaluation criteria because indi-
idually each has been critiqued, particularly for dependence on
revalence (here, fraction of years with seedling survival) and ten-
encies to promote over- or under-prediction (Allouche et al., 2006;
iu et al., 2011; Mouton et al., 2010). We  retained the best param-
ter set out of each of the 12 optimization repeats for analysis,
hich predicted regeneration outcome for the reserved site-years

or testing better than chance, i.e., objective value smaller than 1.
We tested the stability of the optimization result, using the

est repeat, by perturbing each parameter for 101 steps within
he parameter bounds, while keeping the other parameters fixed
t their optimized values (similar to estimating parameter impor-
ance, see below). We then adjusted the parameter that reduced the
bjective value the most based on the training dataset from the best
epeat. We iterated this procedure until no improvement greater
han 0.001 of the objective value was possible or after 15 iterations.

e  then compared the objective value based on the testing dataset
ith the initial test objective value.

Additionally, datasets collected from our literature synthesis
supplementary materials in Schlaepfer et al., 2014) allowed us
o estimate a subset of GISSM parameters independently. Parame-
ers describing upper or lower bounds, e.g., maximal temperature
t which seeds germinate, were estimated as minimal or maxi-
al  value, which occurred in the literature datasets. We  estimated

arameters describing the relationship between seedling age and
ooting depth with nonlinear regression (based on data from Table
3 in Schlaepfer et al., 2014) and the relationship between time to
erminate and incubation temperature (i.e., a thermal-time model
s in Eq. (5), Hardegree, 2006) was estimated with global optimiza-
ion of root mean square error (RMSE) as above with leave-one-out
ackknife to estimate standard error (based on data from Table S2
n Schlaepfer et al., 2014). Because fit with observed values was
nsufficient (Fig. A.2d, Spearman’s rho = 0.78), we then added linear

ependencies between time to germinate, maternal mean January
emperature and an interaction term with incubation tempera-
ure (Fig. A.2b, all p < 0.001) and incubation water potential (Fig.
.2c; k9 = 4.338 ± 0.588 days/MPa, p < 0.001). This modified model
odelling 286 (2014) 66–77 71

of germination rate fitted observed data well (Fig. A.2e; Spearman’s
rho = 0.92).

2.4. Estimating uncertainty in GISSM parameters

We estimated uncertainty in the GISSM parameters in two
ways. First, standard deviation, coefficients of variation as well
as minimum and maximum values for the 27 optimized GISSM
parameters between the 12 optimization repeats were used to esti-
mate the degree to which the accumulated observations of big
sagebrush establishment constrained parameter values. Second,
we checked whether the parameter values estimated separately
based on datasets collected from a literature synthesis (Schlaepfer
et al., 2014) fell within the minimum-maximum range of the 12
optimization repeats.

2.5. Estimating importance of GISSM parameters

We estimated the importance of each parameter on the
performance of GISSM as its relative influence on the objective
value. For each parameter set, we perturbed each parameter
individually in 11 steps between minimum/maximum bounds
(Table 1), while keeping the others fixed at their optimized values.
We determined the objective value (as above for DE optimization)
based on all observations for each level of perturbation, calculated
importance Ik of each parameter as a rate of maximal improve-
ment, Ik = [max(objective) − min(objective)]/[%perturbation at
max(objective) − %perturbation at min(objective)] with units
[%−1], and ranked the parameters.

2.6. Comparing GISSM with statistical models: relationships
between regeneration and climatic conditions

We built a Poisson-GLM between 24 climatic variables
and regeneration events at the 46 sites available for both
observation and predictions. The climate variables were the sea-
sonal means (December–February, March–May, June–August, and
September–November) of precipitation and temperature for the
years previous, during, and following each establishment event.
Because of high collinearity, we excluded variables with the high-
est variance inflation factor (VIF) until the largest remaining VIF
<2.5 and all pairwise correlation coefficients <0.6 (Zuur et al., 2010).
We retained 13 climate variables: all precipitation and mean tem-
perature of December-February of the year of establishment. We
tested for a significant pattern among sites in the direction of the
linear relationships between climatic variables and establishment
by comparing the positive and the negative slopes with a paired
t-test.

2.7. Predicting range-wide patterns of big sagebrush germination
and seedling survival potentials

We applied GISSM with the best parameter set to all ca. 30,000
10-km cells spanning the western Unites States as previously used
for species distribution models of big sagebrush (Schlaepfer et al.,
2010). Inputs to GISSM were SOILWAT simulation runs as described
above using aggregated data for the 10-km grid cells (Schlaepfer
et al., 2010) for 31 years of simulation (1980–2010). We  produced
range-wide maps and tested strength of overall nonlinear patterns

between germination and seedling success and climatic variables
with Brownian distance correlation (Szekely and Rizzo, 2009) using
999 bootstrap replicates as implemented in the energy R package
(Rizzo and Szekely, 2013) on a random subsample of n = 5000.
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ISSM with the best parameter set (i.e., best repeat).

. Results

.1. GISSM parameter estimation and performance

We  retained 9 out of the 12 optimization repeats for analysis, the
ther three failed model testing, i.e., performed worse than chance.
e defined four sets of parameter values, the repeat from the 9

ptimization repeats with the best objective value during model
esting (‘best repeat’), the median and the mean values from the 9
epeats, and the values obtained using independent literature data
Tables 1 and A.2).

The 9 optimization repeats each resulted in a different set of
arameters, although every optimization repeat terminated due
o failure to improve the objective value after 15 iterations. Per-
ormance of all 12 repeats was better than chance during model
raining, i.e., overall accuracy was on average 5.8 ± 0.7% (SD) larger
han chance (T = 29.9, p < 0.001; Table 2 and A.3). However, the
erformances of three of the repeats were not transferable to the
etained testing dataset. The best repeat retained all performance
easures during model testing (Table 2), and performed well pre-

icting the number of years with regeneration successes for the 46
ites (R2 = 0.74, Fig. 2).

The independent parameter set overestimated the proportion
f years with regeneration by 7% and was not better than chance.
he mean parameter set resulted in a trivial model with zero
egeneration and was thus not better than chance. The median
arameter set overestimated regeneration by 14% and was  only
lightly better than chance. The best repeat performed well and
esulted in a small bias, i.e., 3% underestimate of the proportion
f years with regeneration (Table 2). The best repeat represented
he overall best parameter estimates for GISSM. However, the sta-
ility of the best repeat was low as any improvement by a single
arameter resulted in a large drop of the test objective value (Table
.4), which could not be transferred to the testing sites. Thus, the
est repeat remained the best performing parameter estimates for
ISSM.

.2. Uncertainty in model parameters
All estimates of the GISSM parameters retained a large degree
f uncertainty after optimization (Table A.5 and Fig. A.3). Four
arameters (k1,  k12, k19,  and k22) achieved a coefficient of vari-
tion smaller than 20%. However, these parameters, three of which
odelling 286 (2014) 66–77

were about maximum temperature, enjoyed relatively tight initial
bounds and thus showed only small improvements (12– 27%) after
optimization, measured as how much narrower the maximum-
minimum range of values became compared to the initial bounds
for optimization (Table A.5). Optimization reduced uncertainty in
the ranges by more than 50% for five parameters (k2, k7,  k8,  k18,
and k27), whereas it reduced uncertainty by less than 10% for three
parameters (k10, k16, and k20; Table A.5). The parameter values
estimated from independent literature data fell within the range of
values estimated by optimization except for three parameters (k7,
k25, and k27; Table A.5).

3.3. Relative importance of GISSM parameters

The parameter k1,  start of seed dispersal, was the most impor-
tant for every parameter set (Table A.6). The importance of the
other parameters depended on the set. For the best repeat, parame-
ters related to the thermal-time model of germination ranked high.
Of medium to high importance were parameters related to mini-
mum  soil water potential for both seedlings and seeds. Parameters
related to temperature, e.g., minimum temperature for seedlings,
temperature influence on seed dispersal start, and duration of snow
cover, achieved a medium rank. Whether germination resumed or
stopped after quiescence and whether seedling growth resumed or
ceased after favorable conditions resumed proved to be among the
parameters with the lowest importance together with temperature
and snow limits of seedling growth.

3.4. Comparing GISSM with statistical models: relationships
between regeneration and climatic conditions

Relationships between regeneration events and climatic condi-
tions were so site-specific that no general pattern emerged (Fig.
A.4). Focusing on the linear component on the logit-scale of the
relationships between each climate variable and regeneration indi-
cated that there is no pattern in the direction of slopes among sites
(paired t-test, p > 0.05 for both observations and predictions). Sta-
tistical models (here, Poisson-GAMM) failed (not shown), due to
heterogeneity, non-linearity, residual spatial autocorrelation and
strong site-specific relationships.

3.5. Range-wide prediction of potential of big sagebrush
regeneration

Germination of big sagebrush (Fig. 3b) did not limit years of
regeneration except for small areas in southern Nevada, whereas
seedling survival (Fig. 3c) limited years of regeneration over most
of the distributional range. Regeneration prediction was zero for
only a small fraction of cells where the GAP land cover (Fig. 3a, US
Geological Survey, 2011) indicated the presence of big sagebrush
ecosystems (<0.05% by germination, <2% by seedling survival). Pos-
itive regeneration potential was  predicted also for areas outside of
the distributional range, e.g., Pacific coastal areas east of the Sierra
Nevada and Cascades.

Fraction of years with germination was  not limited at low mean
annual temperature (MAT), but dropped at high MAT, whereas frac-
tion of years with seedling survival showed a uni-modal response
with a peak at intermediate MAT  (Fig. 4). Germination was  limited
by low mean annual precipitation (MAP), whereas the response of

seedling survival was  uni-modal with a peak at intermediate MAP.
The fraction of precipitation occurring as snowfall limited both ger-
mination and seedling survival at low and high values, though more
strongly for seedling survival. All relationships were significant,
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Table  2
Performance of GISSM against observations of big sagebrush regeneration at 46 sites with a total of 1435 years for the best repeat (best performance during testing), the
parameter sets of median and mean values, and the independent estimates (not estimated parameters filled in with values from the best repeat, Table 1 as well as the training
and  testing performance of the best repeat and the mean and SD of the 9 out of 12 repeats, which tested better than chance (values for each of the 12 repeats are listed in
Table  A.3).

All sites Best repeat Median
parameters

Mean
parameters

Ind.
parameters

Training Best repeat Mean SD

Number of sites 46 46 46 46 Number of sites 38 38 0
Number of total years 1435 1435 1435 1435 Number of total years 1145 1166 44
Observed proportion of

years with regeneration
0.39 0.39 0.39 0.39 Observed proportion of

years with
regeneration

0.38 0.38 0.01

Predicted proportion of
years with regeneration

0.36 0.63 0.00 0.46 Predicted proportion of
years with
regeneration

0.36 0.33 0.10

Overall accuracya 0.60 0.50 0.61 0.50 Overall accuracya 0.60 0.60 0.03
Chanceb 0.54 0.47 0.61 0.50 Chanceb 0.54 0.54 0.03
Objective valuec 0.87 0.96 0.97 1.01 Objective valuec 0.88 0.88 0.01
TSSd 0.13 0.04 0.03 −0.01 TSSd 0.12 0.12 0.01
Gammae 0.27 0.10 0.23 −0.02 Gammae 0.26 0.29 0.06
Kappaf 0.14 0.05 0.03 0.01 Kappaf 0.13 0.12 0.01

Testing Best repeat Mean SD

Number of sites 8 8 0
Number of total years 290 269 44
Observed proportion of years with regeneration 0.42 0.39 0.05
Predicted proportion of years with regeneration 0.38 0.29 0.12
Overall accuracya 0.60 0.58 0.04
Chanceb 0.53 0.54 0.05
Objective valuec 0.85 0.92 0.04
TSSd 0.15 0.08 0.04
Gammae 0.32 0.23 0.18
Kappaf 0.15 0.09 0.04

a Overall accuracy = (Correct positive predictions + correct negative predictions)/number of observations (Franklin and Miller, 2009).
b Chance measures expected agreement between observations and model (Cohen, 1960).
c 1 – mean(TSS, Gamma, Kappa), see Methods section for more details.
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e Gamma coefficient, a measure of ordinal association (Rousson, 2007).
f 0.5-weighted kappa, a calibrated and non-directional measure of association (C

ut included also a large amount of variability among simulated
ells.

. Discussion

.1. Process-based, deterministic simulation model of big
agebrush regeneration

We  formulated a process-based simulation model, GISSM,

hich represents important responses of big sagebrush germina-

ion and seedling success to abiotic conditions. This represents,
o the best of our knowledge, the first process-based model of
ig sagebrush potential germination and seedling establishment.

ig. 3. Range-wide prediction of big sagebrush regeneration with GISSM on a 10-km gr
a,  darker colors represent more GAP 30-m cells within the 10-km cells, US Geological 

uccesses (color gradient from red (0, no years with success), tan (>0) to green (1, every ye
qual-area projection.
006).

s kappa, Kraemer, 2006).

We  estimated all parameters, with associated uncertainties, and
identified those parameters, which are most influential for model
performance. GISSM performed better than chance and overall
accuracy of yearly prediction of regeneration success/failure was
60%. However, GISSM was  able to explain 74% of the variability
in numbers of years with successful big sagebrush regeneration.
We did not have observational data to assess performance of
GISSM predictions at a daily time scale. This level of performance
and the differences in performance at different levels of tempo-

ral aggregation, in the context of the amount of data for model
training and testing and of the detailed process-based modeling,
is interesting in itself as it highlights how to reasonably apply
GISSM and also how to further improve the model, constrain

id. Distribution of big sagebrush ecosystems according to GAP v2 land cover data
Survey, 2011). Germination (b) and seedling survival (c) as fraction of years with
ar with success)). Black indicates cells with insufficient data to run SOILWAT. Albers



74 D.R. Schlaepfer et al. / Ecological Modelling 286 (2014) 66–77
F

ra
ct

io
n 

of
 y

ea
rs

 w
ith

 g
er

m
in

at
io

n

0.0

0.2

0.4

0.6

0.8

1.0

dcor = 0.650
p < 0.001

(a)

Mean an nual tempe rature (C)

F
ra

ct
io

n 
of

 y
ea

rs
 w

ith
 s

ee
dl

in
g 

su
rv

iv
al

−5 0 5 10 15 20 25

0.0

0.2

0.4

0.6

0.8

1.0

dcor = 0.358
p < 0.001

(b)

dcor = 0.369
p < 0.001

(c)

Mean an nual precipitation (mm)

0 200 400 600 800 1000

dcor = 0.248
p < 0.001

(d)

dcor = 0.475
p < 0.001

(e)

Fraction of sn ow to MAP (−)

0.0 0.2 0.4 0.6 0.8

dcor = 0.265
p < 0.001

(f)

Fig. 4. Scatter between GISSM-predicted germination and seedling survival as fraction of years with successes and climate variables including mean annual temperature (a,
b itation
d 9). No
3

u
r

y
t
m
i
e
w
r
s
d
a
i
c
t
p
a
t
d
e
m
t
b
t
o
(
b

),  mean annual precipitation (c, d), and fraction of snowfall to total annual precip
istance correlation (dcor) tests strength of relationships (Szekely and Rizzo, 200
1-year simulation period.

ncertainties, and remove deficiencies in our understanding of
egeneration.

GISSM explained patterns of regeneration of big sagebrush at
early and multi-year time scales. Our results, however, indicated
hat the performance of GISSM could be further improved were

ore or higher quality data to become available. Potential for
ncreased performance is indicated by the high variation of param-
ter estimates among the 12 repeats, low stability of performance
hen individual parameters are perturbed, the failure of 3 of the 12

epeats during model testing, and the fact that model training con-
trained parameter uncertainty to a limited degree. The available
ata may  be inadequate because all sites used for model training
nd testing are clustered in Wyoming, Nevada, and California, miss-
ng large parts of the geographic distribution of big sagebrush. We
ollected 1435 site-years of observations from 46 different sites to
rain and test GISSM, which provided about 50 observations per
arameter. This may  be not enough because these observations
re not necessarily independent as they likely are correlated in
ime and space. Also, the available data did not allow GISSM to
istinguish among subspecies, which are known to differ in some
cological responses (Schlaepfer et al., 2014). The quality of data
ay  be inadequate for several reasons including: (1) that some of

he compiled sources are based on aging big sagebrush individuals
y rings, which may  be inaccurate by a few years due to missing

he first years of growth or by false absences due inability to age
ld individuals with rotten piths (Cawker, 1980), but see Ferguson
1964); (2) that first-season seedlings were missed for a given year
ecause the seedlings died later; and (3) that the site locations may
 (e, f). Bold lines summarize shape of relationships using loess function. Brownian
te, values on y-axis occur in discreet steps representing possible outcomes of the

not be precise enough to extract appropriate weather and soil infor-
mation to force GISSM. Furthermore, there may  be a mismatch of
resolution in time between the yearly data used for model build-
ing and the model formulation operating at a daily time-step; only
daily observations (not available) would allow appropriate assess-
ment of GISSM performance at a daily time-step. There may  also be
a mismatch between the spatial resolution of inputs used for SOIL-
WAT  and outputs used to force GISSM, e.g., daily weather input is
at a 1/8th degree resolution and soil information is at a 1-km res-
olution, which may  be too coarse to capture soil water dynamics
site-specific enough for the spatial resolution at which observa-
tions were conducted. Overall, we  argue that data were likely an
important issue leading to the performance of GISSM. Neverthe-
less, these would be theoretically simple issues to overcome as
they could be solved by more and better data or more intensive
parameter searches.

GISSM estimates a potential maximum of big sagebrush regen-
eration, because it focuses on regeneration responses to abiotic
factors, assumes sufficient seed availability and safe micro-sites,
and ignores biotic relationships. Field observations, on the other
hand, represent realized regeneration, which may  be lower. Model
performance, therefore, could be low if potential regeneration over
or under estimated realized regeneration for particular years, e.g.,
due to lack of seeds or safe sites (Beetle, 1960; Owens and Norton,

1992), competition (DiCristina and Germino, 2006; Reichenberger
and Pyke, 1990), diseases (Sturges and Nelson, 1986), and herbivory
(Takahashi and Huntly, 2010). However, the fact that GISSM pro-
duced only small over- and under-predictions within established
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ig sagebrush stands, particularly when aggregated over mul-
iple years, indicates that this may  not be an important issue.
uture research could establish the relative importance of abiotic
ersus of biotic conditions and of safe sites for limiting big sage-
rush regeneration. Despite these limitations and potential future

mprovements, our current model represents the best tool for pre-
icting big sagebrush regeneration.

.2. Model parameters: uncertainty, sensitivity, and research
eeds

Our optimization algorithm reduced uncertainty of parameter
alues compared to previous knowledge by using the 1435 site-
ears of observations to constrain parameter values. The procedure
educed uncertainty by varying degrees depending on the parame-
er. Parameters that are important in GISSM (e.g., k27) or for which
bservations contain much extractable information, are likely the
nes with strongly reduced uncertainty. On the other hand, unim-
ortant parameters (e.g., k10, k16) or parameters describing rarely
ccurring conditions (e.g., snow cover during the growing season,
20), for which observations contain little information, are less well
onstrained. The fact that not all independent literature estimates
all within optimized ranges may  be explained by the fact that

uch of the information in the literature is based on laboratory
xperiments (e.g., k27, which is based on results from one study),
hich may  not be directly applicable to in situ conditions. Despite

he achieved reductions in uncertainty, most parameters values
emain relatively uncertain and could be further constrained with
dditional data.

Investments in better understanding the parameter values and
elationships is only effective if the parameters and relationships
n question are relevant to the model, i.e., that they show a high
ensitivity for model performance. Such parameters also identify
mportant bottlenecks for successful regeneration. Start of seed
ispersal (k1) was the most sensitive parameter; however, this

s likely due to a model artifact of having a ‘regeneration’ year
tart with seed dispersal and less likely due to a biological result.

hereas most seeds of big sagebrush are not long lived, the major-
ty persist through the winter and germinate the following spring
Meyer and Monsen, 1991; Schlaepfer et al., 2014). Other important
arameters describe the influences of soil water potential and tem-
erature (including duration of snow cover) on both germination
nd seedlings. These results confirm the relevance of soil water,
emperature, and snow for big sagebrush regeneration.

These results suggest specific future research that would
mprove our understanding of big sagebrush regeneration. In par-
icular, start of seed dispersal, the modified wet thermal-time

odel of germination, and soil water potential influences are
mportant, yet related parameters are not well constrained. These
rocesses warrant further investigation. By contrast, temperature
or seedling growth and fate of seeds and seedlings after unsuit-
ble periods appear not to be relevant, and thus may  not represent
uture research priorities. GISSM may  be a useful framework for
xploring the influence of disturbance effects such as fire or energy
xtraction. These efforts would benefit from training GISSM with
obust datasets for manipulated sites and will likely need to account
or availability of seeds, safe sites, and potentially biotic inter-
ctions. Similarly, GISSM may  facilitate exploration of sagebrush
egeneration responses to global change, especially if seed and
eedling responses to elevated CO2-concentrations and nitrogen
eposition can be included in addition to disturbance effects.
.3. Relationships between regeneration and climatic conditions

Our model confirmed that big sagebrush regeneration
s strongly dependent on climatic conditions. However, our
odelling 286 (2014) 66–77 75

statistical models between climatic conditions and regeneration
success suggested that site-specific factors dominate relationships
of regeneration. This may  also indicate the benefits that would
accrue if sufficient data were available to distinguish among
the subspecies of big sagebrush. However, regeneration can be
conceived as a function of mother plant health, seed production,
germination, emergence, seedling survival (Schlaepfer et al., 2014)
and thus likely represents a complex interaction among variables
describing climate components at different time scales modified by
site-specific edaphic, topographic, and biotic conditions. Therefore,
it is not surprising that efforts to build statistical models have failed
or produced contradictory results among different sites and areas.
For instance, seasonal or monthly mean temperatures showed
negative (Cawker, 1980; Schuman et al., 1998), zero (DiCristina
et al., 2006), and positive correlations (Cawker, 1980) depending
on study area. This may  also be reflected by our results indicating
overall uni-modal responses of regeneration with peaks at inter-
mediate climate values (Fig. 4). This is a strong indication that big
sagebrush regeneration models relying on statistical relationships
will not be transferable among sites and that a process-based
model such as GISSM is required.

GISSM appears to be well suited to explore responses of big sage-
brush regeneration to climate change because of its process-based
nature, small overall bias, and incorporation of important climatic
variables. Climate change will likely affect relationships that are
of high importance for big sagebrush regeneration such as start of
seed dispersal, wet thermal-time germination, and dynamics of soil
water potential.

4.4. Range-wide potential regeneration of big sagebrush

We successfully applied GISSM across the western United States.
The fraction of years with successful regeneration, which we
showed to correlate well with field observations, was greater than
zero over the vast majority of the area occupied by big sagebrush
ecosystems. Long-lived, iteroparous species, such as big sagebrush,
do not depend on annual regeneration; thus, infrequent regener-
ation can be sufficient to maintain populations and the fraction of
years with successful regeneration need not correlate with abun-
dance. The geographic overestimation of our model may have
arisen because we did not include absences in model development,
i.e. sites with observations on big sagebrush regeneration success
where big sagebrush did not occur. However, overestimation also
suggests that the geographic distribution of big sagebrush is limited
by processes other than abiotic influences over regeneration, such
as biotic influences on regeneration (e.g., competition) or non-
regeneration controls (e.g., adult mortality). Most of the current big
sagebrush distribution occurs in dry and mild to cold areas, where
germination does not limit regeneration. Germination may  only
be limiting in the warmest and driest areas, such as the Sonoran,
Chihuahuan, and parts of the Mojave Deserts. However, as these
driest and warmest areas will expand in the future with climate
change (Karl et al., 2009), germination will likely become limiting
in additional areas, particularly in those that have been identified
as the trailing edge by species distribution models (Schlaepfer et al.,
2012c). Seedling success showed uni-modal responses to climate
variables, leading to a more complex spatial pattern of limiting big
sagebrush regeneration. For instance, 20–30% of MAP  occurring as
snowfall elicited the highest fitted amount of seedling survival with
more or less snowfall leading to reduced seedling survival. Suffi-
cient snowmelt is required in arid and semiarid regions to recharge
soil water at deeper soil layers, which are important for big sage-

brush – a species with both shallow and deep roots (Sturges, 1977)
– during the dry summer periods (Schlaepfer et al., 2012b). More
snow, on the other hand, can lead to growing periods that are
too short and could reduce seedling survival. However, Schlaepfer



7 ical M

e
s
a
T
m
w
f
1
u
a
u
o
s

A

C
o
s
o
e

A

i
2

R

A

A

A

B

B

B

B

C

C

C

D

D

D

F

F
F

F

F

G

6 D.R. Schlaepfer et al. / Ecolog

t al. (2012a), focusing on mature vegetation, found that only big
agebrush ecosystems in areas where more than 30% of MAP  falls
s snow responded positively to future predicted climate change.
hus, our results may  be an indication that big sagebrush seedlings
ay  respond differently to climate change than mature stands. This
ould not be surprising as juvenile stages are often found to dif-

er in ecological requirements from adults (Bell et al., 2014; Grubb,
977); however, such differences can be crucial for assessments
nder climate change and are too often neglected by statistical
pproaches (Jackson et al., 2009). Evaluations of big sagebrush
nder future environments should account explicitly for responses
f regeneration to climate conditions using process-based models
uch as GISSM.
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